Abstract The main goal of this work is to investigate if thermodynamic equilibrium calculations can be useful for understanding and predicting process performance and product composition for entrained flow gasification of spent pulping liquors, such as black liquor. Model sensitivity to input data is studied and model results are compared to published pilot plant data. The high temperature and the catalytic activity of feedstock alkali make thermodynamic equilibrium a better predictor of product composition than for many other types of biomass and gasification technologies. Thermodynamic equilibrium calculations can predict the flows of the main syngas and slag products with high accuracy as shown by comparison with experimental data with small measurement errors. The main process deviations from equilibrium are methane formation and sulfur distribution between gas and slag. In order to study real process deviations from equilibrium, it is very important to use consistent experimental data. Relatively small errors in the model input, primarily related to fuel composition, can lead to grossly erroneous conclusions. The model sensitivity to fuel composition also shows that the gasification process is sensitive to naturally occurring feedstock variations. Simulations of a commercial-scale gasification process show that cold gas efficiency on sulfur-free basis can reach over 80 % and that greatly improved efficiency can be obtained by reducing ballast present in the form of water or inorganics.
Introduction
Biomass gasification is a promising technology for production of second-generation biofuels and green chemicals. Many gasification technologies produce syngas with high concentrations of tars, which leads to extensive gas cleaning requirements. Entrained flow (EF) gasifiers, using higher temperatures and short residence times, often generate a relatively clean gas and can use no or much simpler gas cleaning. A potential drawback of EF gasification (EFG) is the Electronic supplementary material The online version of this article (doi:10.1007/s13399-016-0225-7) contains supplementary material, which is available to authorized users. requirement to feed solid fuels in a pulverized form, while liquid feedstocks can be atomized.
An EFG technology that has come a long way towards commercialization, through demonstration of an integrated biomass-to-biofuel process, is black liquor gasification (BLG) [1] . Black liquor (BL) is a by-product of Kraft pulping that contains dissolved lignin and hemicellulose fragments together with spent inorganic pulping chemicals. It is normally combusted in a recovery boiler (RB) that recovers inorganic pulping chemicals and generates steam. It has been shown that higher overall efficiency and better profitability can be obtained by gasifying BL and generating the process steam from other fuels [2] [3] [4] [5] .
The EF BLG process has been demonstrated and investigated in pilot scale using Kraft BL [1, [6] [7] [8] [9] [10] and sulfite thick liquor (STL) [11, 12] . The latter is the spent pulping liquor from sodium-based sulfite delignification. EF gasification of BL and STL is carried out under slagging conditions at 1000-1100°C. The inorganic smelt (slag) leaving the gasifier is dissolved in water to form a solution called green liquor (GL), which is used to recover the inorganic pulping chemicals.
It has generally been established that thermodynamic equilibrium calculations (TECs) are useful for understanding the behavior of biomass gasification under varying process conditions for a range of fuel compositions [13] [14] [15] . In practice, deviations from equilibrium are common and relate for example to char conversion, tar formation, methane formation, and the water gas shift reaction, especially for low-temperature processes [16] [17] [18] . Cold gas efficiency (CGE), which controls the potential biofuels yield, is of general interest to predict and understand in biomass gasification while the sulfur distribution between gas and slag phases, which is very important for the recovery of the pulping chemicals (below referred to as the sulfur split), is more specific for BLG.
Ash is typically either disregarded or considered inert when developing thermodynamic equilibrium models for nonslagging fixed bed and fluidized bed gasifiers [18] [19] [20] . For entrained flow gasification of solid biomass, however, slag properties are important and TECs have proven useful for understanding and predicting such properties [21, 22] . Treating ash as inert in gasification of sodium-rich fuels such as BL or STL would give totally misleading results since approximately 20 % of the carbon leaves the reactor in the inorganic smelt [6] .
Previously, Berglin [23] used a simplified thermodynamic equilibrium model only for the gas phase, aiming to study the performance of air-blown BLG for electricity production. Other thermodynamic equilibrium studies of BLG included slag species in the models [7, 10, [24] [25] [26] . However, the few studies that compared their results to experimental data only focused on equilibrium gas composition and did not validate the composition of the inorganic phase [7, 10] . The properties of the inorganic smelt are very important in gasification of BL and STL since it is used to form the aqueous GL that enables to reuse of the pulping chemicals [6, 12] . In addition, the inorganic phase influences the mass and energy balances for the gasifier substantially.
In summary, there are no studies applying TECs to STL gasification and only two studies comparing TECs for BL gasification to experimental syngas data, neither of which validated prediction of the inorganic phase against experimental results. Hence, better validation is needed under a range of process conditions to reliably and consistently use TECs for studying spent pulping liquor gasification. The main goals of this work are to assess if TECs can be useful for predicting process performance and product composition for EFG of spent pulping liquors as well as quantifying and understanding deviations between model and experimental data.
The techno-economic studies of BLG-based biorefineries use fixed BL properties and process design relevant for the cases studied [5, 27] . However, many parameters with substantial impact on the process performance can be influenced through the process design. A second goal of this work is to use a validated thermodynamic equilibrium model to quantify the impact of important design parameters on the gasification performance and syngas properties for a commercial-scale gasification process.
In principle, any observed differences between TEC results and experimental data can be due to real deviations from equilibrium in the process, erroneous experimental data, and erroneous inputs to the equilibrium model or any combination of these. In order to understand the influence of each of potential cause of deviation, we start by investigating the sensitivity of the TEC to input data followed by an analysis of the deviations for the pilot plant cases studied. The last part of this study uses TEC to predict the behavior of a commercial-scale gasification process.
Materials and methods

Pilot plant data
This work uses previously published data from three studies [6, 10, 12] of the BLG pilot plant in Piteå, Sweden, to obtain relevant operating conditions for TECs and to compare predictions to experimental results. The reader is referred to those studies as well as other experimental studies [8, 9] for a description of the pilot plant and the process.
The experiments described and analyzed by Jafri et al. [6] used BL from the Smurfit Kappa Kraftliner mill (Piteå, Sweden) as feedstock. The data includes five operating points (OPs) at 2.6-3.1 MW th load and 24-29 bar. The data in Wiinikka et al. [10] is based on experiments using the same feedstock source. Six OPs with a load around 3 MW th and varying pressure (25-29 bar) and temperature were investigated. The experiments presented by Furusjö et al. [12] used STL from the Domsjö Fabriker (Örnsköldsvik, Sweden) sodium sulfite-based delignification process, which has significantly different properties from BL as discussed further below.
The Furusjö and Jafri data quantifies both syngas and inorganic GL components and thus allows full mass and energy balances to be made. Wiinikka et al. only presents data for the syngas. Hence, no balances can be made and no comparison between model and experiment are possible for inorganic components in this case.
It is difficult to measure process temperatures accurately [6, 12] , but the shielded thermocouples used are still considered to give reasonable temperature values that can be used to observe trends and differences between OPs. In practice, syngas methane concentration is used as a temperature proxy and is set to approximately 1 % for Bstandard^operation by varying the amount of oxygen added to the gasifier.
The measured reactor temperatures used in this work for the Jafri et al. data set are slightly different (10-20°C higher) from the values presented in the original paper. This is due to the fact that an average of two thermocouples positioned in the mid-level of the reactor was used, whereas Jafri et al. presented values for one of these. The Wiinikka et al. temperature data is based on a thermocouple in the same position. For the Furusjö et al. data, temperatures from the thermocouple positioned close to the bottom of the reactor were used.
Thermodynamic equilibrium calculations
TECs were carried out using FactSage (GTT-Technologies, Aachen, Germany) as well as an in-house tool called SIMGAS, which was developed in the Matlab environment (Mathworks, Natick, MA, USA). Both tools use a nonstoichiometric approach since stoichiometric methods are not suitable for complex multicomponent systems. In comparison to FactSage, SIMGAS uses a simpler thermodynamic model, including only ideal mixtures of components for both the gas and the inorganic smelt phases. Included components are listed in Table 1 ; this selection is based on species for which significant concentrations were found during numerous runs with varying process conditions. The pure component data for gas components and solid carbon are taken from the NIST Chemistry WebBook while data for pure inorganic smelt components are based on Lindberg [28] . In SIMGAS, Gibbs energy minimization is accomplished using an activeset method in order to be able to include both linear and nonlinear constraints.
Initially, a comparison between FactSage and SIMGAS results was made in order to assess the influence of the simpler thermodynamic model in SIMGAS. This comparison between the two thermodynamic models is described in Section 2 of the Supplementary Material. The conclusion is that the simpler implementation in SIMGAS is sufficient to describe the process for the purposes of this study. No significant differences were observed for major species. Hence, the remainder of the work described in this paper is based on the SIMGAS model. However, if the aim is to study smelt properties or smelt reactions, the more sophisticated smelt model of FactSage would be required. The primary motivation for using the Matlab-based SIMGAS tool is the ease with which constraints can be implemented in order to be able to model deviations from equilibrium in some cases.
In practical application of EF biomass gasification, temperature is controlled by oxygen addition, i.e., the process is autothermal. For simulation of pilot plant OPs, TECs are executed in a mode where the temperature of the products is calculated based on an energy balance over the gasification process. For the simulation of commercial biorefinery gasification operation, a certain gasifier temperature is specified and the required amount of oxygen to reach this temperature is calculated through the gasifier energy balance.
For the gas phase, comparison between model results and experimental data is straightforward. The inorganic smelt is, however, dissolved to form GL. In this work, the experimentally determined concentrations of inorganic components in GL are compared to TEC smelt predictions. The components are sulfur, carbonate, and total inorganic carbon (TIC). TIC is the sum of carbon present as carbonate and hydrogen carbonate. Hydrogen carbonate is not present in the smelt leaving the gasifier but is formed in the quench as discussed below. Sodium and potassium are not compared since according to both model and experimental data, they are found solely in GL.
Feedstock heat of formation
Solving the gasifier energy balance during TECs requires knowledge of the enthalpies of all streams entering and leaving the process. The enthalpy can be defined with respect to 
any reference condition. In this work, the selected reference condition is the elements at standard reference state, which means that the enthalpy describing chemical energy is the heat of formation. For the oxygen, nitrogen, and gasification products, enthalpy estimation is straightforward since the chemical composition is known. However, for the spent pulping liquors, which are highly complex mixtures of organic and inorganic species, it is not possible to use tabulated data for heat of formation. Instead, their enthalpies of formation are calculated from higher heating values (HHV) determined by bomb calorimetry using Hess' law in conjunction with assumptions about the bomb combustion products as described earlier [6] . When this approach is used, it is very important to know exactly which heating value is measured, i.e., what are the final combustion products in the bomb calorimeter? Spent pulping liquors of the type studied in this work are characterized by high sodium and sulfur contents, which are typically 20 and 5 % on a dry-weight basis, respectively. The bomb product chemistry is investigated in some detail in the Supplementary Material. The main conclusion is that due to the presence of high amounts of inorganics in the fuel, carbon ends up as a mixture of carbon dioxide and sodium carbonate. Sulfur ends up as sodium sulfate or sodium hydrogen sulfate depending on the sodium/sulfur ratio. This is different from assumptions typically used for low ash fuels.
Results and discussion
Model sensitivity to input data
The inputs to a thermodynamic equilibrium model for a gasification process consist of the flow, temperature and composition of the streams entering the gasification reactor, and the reactor heat loss in combination with the thermodynamic data/assumptions. In the present case, there are three streams: spent pulping liquor, oxygen, and nitrogen. The nitrogen flow is very small compared to the other flows and does not have a direct impact on the process (except as thermal ballast).
The pilot plant from which all experimental data used in this work comes is equipped with Coriolis type mass flow meters for both oxygen (Krohne Optimass 1300; KROHNE Messtechnik GmbH, Duisburg, Germany) and feedstock (Yokogawa Rotamass 3 series; Yokogawa Electric Corporation, Tokyo, Japan). According to the instrument specifications, the measurement error is typically around 0.2 %. In our experience, a larger uncertainty can be expected in practice; we have used a 95 % confidence interval of ±1 % in the sensitivity analysis below.
The oxygen and nitrogen compositions are well known since they are of high purity. Feedstock elemental analysis for BL and STL is associated with a relatively large uncertainty as summarized in Table 2 based on uncertainty estimates from the experimental studies. Uncertainty estimates are only available for BL and do not agree fully between the two studies. A pooled relative standard deviation for each element was calculated based on the 95 % confidence limits provided in the earlier work and assuming these to have the same number of degrees of freedom as shown in Table 2 (rightmost column). From the standard deviation presented in Table 2 , it is clear that the uncertainty in most elements is relatively large. Figure 1 shows results from varying selected inputs to the upper and lower 95 % confidence limits (as approximated by ±2 pooled standard deviations) for a selected operating point (Jafri et al. OP 5) . It can be concluded that black liquor composition uncertainty contributes significantly to variation in the model outputs, while the contribution from flow measurement uncertainty seems to be less important. As an example, the carbon content uncertainty leads to predicted temperatures in a range of 1077-1286°C. This range is much larger than the practical operating envelope of the gasifier [6] , which should have significant consequences on agreement between model outputs and experiments, as discussed further below. The variation in cold gas efficiency due to carbon analysis uncertainty is approximately ±5 % units, which is a very significant number and corresponds to approximately ±9 % relative uncertainty. When compared with the ±2.6 % relative uncertainty (2s rel ) for the BL C analysis, it is easy to conclude that input errors are amplified in the model. The influence of BL sodium content uncertainty is even larger than that of carbon while it is slightly smaller for hydrogen. Figure 1 also shows the influence of composition measurement uncertainty on the sulfur split and the hydrogen/carbon monoxide ratio in the syngas, which are important properties for the design of a spent pulping liquor gasification-based biorefinery.
From the above results, it is clear that BL composition is a major contributory factor to the uncertainty in TEC results. It is, however, likely that the influence of individual component uncertainty is not a good measure of the total influence on the TECs. In order to estimate the effect of the combined uncertainty of all BL constituents, a Monte Carlo (MC) simulation was carried out. All BL elements except oxygen were assumed to have independent errors with a normal distribution and a standard deviation according to the pooled relative standard deviation presented in Table 2 . Feedstock oxygen content was calculated by difference as it is typically done in BL element analysis. In this study, 8000 cases were simulated using TECs with stochastic input data to generate a distribution of all model results, as shown for temperature in Fig. 2 . Only BL composition was accounted for in the MC study, although it would have been feasible to include also other uncertain model inputs simultaneously.
From the MC simulation results presented in Fig. 1 , it is clear that the uncertainty from the combined BL constituents is greater than that from individual components or other factors studied. The results presented in Fig. 1 [12] that the uncertainty in fuel composition creates an uncertainty in oxygen content and stoichiometric oxygen demand. The Monte Carlo simulation gives a 95 % confidence interval for stoichiometric oxygen demand of 0.75-0.86 kg O/kg BL, which clearly indicates that lambda is not always a welldetermined parameter for experimental data. The BL oxygen content distribution had a standard deviation of 1.6 % (absolute) or 4.0 % (relative). The investigations described in this section show that input parameter uncertainty influences the TEC results to a great extent. This can be problematic when using TECs to predict gasification process performance as shown further below.
Sensitivity to feedstock heat of formation estimation
An important thermodynamic assumption made is related to the calculation of feedstock heat of formation estimation. For low ash fuels, the assumptions about bomb calorimeter combustion products are not so important, but for high ash and high sulfur fuels, such as the spent pulping liquors studied in this work, the issue is more important and complex. The approach described in Section 2.3 and in more detail in the Supplementary material is typically used for BL, but we also evaluated a simplified approach based on the assumption that alkali metals form oxides, as is typically done in ash analysis of biomass.
Assuming that sodium and potassium form oxides (as opposed to carbonates and sulfates), all sulfur forms sulfur dioxide (as opposed to sulfate) and all carbon forms carbon dioxide (as opposed to a mix of carbonate and carbonate dioxide); the calculated BL heat of formation values are 1.6-2.3 MJ/kg solids higher for the liquor compositions studied in this work, which corresponds to approximately 10-20 % of HHV. The resulting error completely changes the results of the TECs. This highlights how critical it is to make correct assumptions about the bomb calorimeter combustion products. According to Table 2 , the relative standard deviation for HHV is 1 %. Hence, the assumption about combustion products has a much larger impact on TECs than the actual HHV measurement error.
Agreement between pilot plant data and equilibrium calculations
Non-constrained equilibrium calculations
Operating data in the form of fuel flow rate, fuel composition, oxygen flow rate, nitrogen flow rate, and process pressure were used in TECs representing each OP in the data sources, with the exception of OP2 of Furusjö et al., which was excluded due to very poor experimental balance closures (−18 % for total mass, −30 % for carbon) [12] . Comparisons between experimental data and model predictions are shown in Figs. 3,  4 , and 5.
The difference between measured and calculated temperatures, shown in Fig. 3 , is up to 185°C. This is very high compared to the span in the experimental data but not greater than the deviations shown possible to result from uncertainty in BL composition (cf. Fig. 1 ). It is very clear that while the correlation between model and experimental temperature within each data set is very strong, there are large differences between the data sets. The two BL fuel data sets that use BL from the same mill have deviations of opposite sign. This points clearly to that reasons for the temperature deviations are specific to a whole data set but not to the fuel type. Such a factor can be data set wide systematic errors in flow measurements or fuel composition; a single fuel composition is used for all OPs in each data set as discussed above. Considering the simulation results in Fig. 1 and the magnitude of the differences in Fig. 3 , fuel composition is a likely reason. This is further discussed below.
It should be noted that the TEC temperature predictions presented in this work do not agree with those presented by Wiinikka et al. [10] for their data. The reason for this is not clear, but one possibility is estimation of BL heat of formation. Fig. 3 The relation between measured reactor temperatures and model predictions for the three data sets: Jafri et al. [6] (black circles), Wiinikka et al. [10] (open squares), Furusjö et al. [12] (gray diamonds) Wiinikka et al. [10] do not specify what assumptions they use regarding combustion products. As discussed in Section 3.1, this can have a very large influence on the calculations.
The predicted flows of major syngas species are fairly consistent with experimental data as shown in Fig. 4 , despite the large deviations between model and experimental temperatures. The largest differences are observed for hydrogen but once again with different sign for the two BL data sets (black and white diamonds in Fig. 4a ). Data for minor syngas species are shown in Fig. 5 . As expected, methane concentrations do not agree well. In fact, TEC methane flows are very close to zero for the Furusjö and Jafri data sets while experimental data shows 0.2-1.5 % of total fuel carbon as methane. For the Wiinikka data set, the model methane flows are more in agreement with experimental data (white squares in Fig. 5a ), but this is explained by the very low predicted temperatures for this data set (black squares in Fig. 3 ) that are not consistent with experimental temperatures. Hence, in agreement with previous studies [7, 10] , it can be concluded that methane does not follow thermodynamic equilibrium.
From Fig. 4b , it can be seen that experimental GL TIC is higher than predicted by TECs. This, in combination with the fact that hydrogen carbonate is found in GL but not in the smelt leaving the gasifier, points to the fact that GL absorbs carbon dioxide from the gas, which leads to formation of hydrogen carbonate as shown in Eq. 1. The absorbed amount is, however, not large enough to have any large effect on the carbon dioxide syngas flows as shown in Fig. 4a .
Predictions of GL sulfur are fairly consistent with experimental data as shown in Fig. 4b . It is nevertheless clear from Fig. 5a ), which is predicted well, but this (accidental) agreement is an effect of the erroneously high predicted temperature as shown below. For the Furusjö et al. data set, the explanation for the fact that GL sulfur is well predicted but not gas phase sulfur is that the experimental sulfur balances do not close well [12] . Hence, the sulfur split is uncertain for that data set. There is no GL data reported for the data set of Wiinikka et al., so no comparison to experimental GL sulfur is possible. COS experimental flows (Fig. 5b) are much lower than TEC predictions. The likely reason for the lower measured values is not only that equilibrium is not reached in the gasifier but also that COS is known to be hydrolyzed in the quench [9] . Hence, the [10] COS flow measured in the cool syngas is not representative of the gas leaving the gasifier.
Constraining methane
It has been reported that constraining methane concentration, i.e., accounting for this deviation from equilibrium, in CFD and thermodynamic modeling of BLG has a large effect on predictions of temperatures and major syngas species, especially hydrogen [7] . Constraining the model methane production to the experimental values changes the predicted temperature by 15 ± 4°C for the BL cases (Jafri et al., Wiinikka et al.) and 4 ± 1.6°C for the STL case (Furusjö et al.) . Considering the differences between model and experimental data in Fig. 3 , this difference is not significant. This is partly explained by the fact that methane only accounts for 0.6-1.5 %, 0.8-3.2 %, and 0.2-0.4 % of the total carbon in the feedstock in the data of Jafri et al., Wiinikka et al., and Furusjö et al., respectively.
The major effect of constraining the model methane production, aside from the methane flows themselves, is on hydrogen production in agreement with previous work [7] , which decreases by 11 ± 3 % for the BL data sets (Jafri et al., Wiinikka et al.) but only by 1.6 ± 0.6 % for the STL case (Furusjö et al.) . Hence, constraining methane improves the agreement between model and experimental values for hydrogen for the Wiinikka et al. data but does the opposite for the Jafri data. Overall, the agreement between model and experimental values for major syngas components is not improved significantly compared to Fig. 4a . The other major deviation from equilibrium, related to sulfur distribution, also has a smaller influence on predictions of other parameters. Clearly, there are other reasons for the deviations between model and experimental data in Figs. 3 and 4 .
It should be noted that an adjustment of the Gibbs free energy for methane or the introduction of an activity coefficient can potentially be good alternatives if the aim is to develop a model that can predict methane formation. Such a modification would preferably be based on fitting experimentally observed methane formation for well-validated experimental data. However, initial tests with the data sets used in this work indicate that it is not possible to find a single modification that enables reasonable methane prediction for more than a single data set simultaneously. Similarly, other nonequilibrium species, such as the sulfur species discussed above, can potentially be predicted based on modifications of the thermodynamic equilibrium model.
BL composition adjustment
A systematic deviation of 5-6 % in the experimental carbon balance is present for all OPs in the results of Jafri et al. [6] . No such systematic deviation is present for the other elements investigated (Na, K, S). Hence, flow measurement errors are not likely the reason. The 5-6 % balance error is about twice as large as expected based on reported BL analysis uncertainty and 95 % confidence, cf. Table 2 , but fuel analysis error is still a likely main contributor to the observed balance deviation. To test this hypothesis, we adjusted the fuel carbon content for the Jafri et al. data set from that in Table 2 to a higher value that allows the carbon balance to close using experimental data. Figures 6 and 7 shows the results for the Jafri data set after this adjustment together with the last three OPs of Furusjö et al., which all showed carbon balance closures within 2 % [12] . The data of Wiinikka et al. does not allow balances to be calculated since they did not quantify the inorganic phase and are not included for this reason. The data in Figs. 6 and 7 allows comparison between simulation results and experimental data that does not suffer from large measurement errors (as shown through the good overall and carbon balance closures for these OPs). Hence, the risk of influence from deviations caused by poor experimental data is lower, which means that the real deviation of the process from equilibrium can be studied. From the temperatures shown in Fig. 6 , it is clear that the agreement between measured and model temperatures is now excellent for both data sets. The influence of this fuel composition change is dramatic (in comparison with Fig. 3 ), which is in agreement with the sensitivity to fuel composition observed in Section 3.1 and points out the risk of totally misleading conclusions due to uncertain fuel analysis data. Figure 7a shows that the BL carbon composition adjustment also gives an improved prediction for major gas components; as an example, the average relative prediction error for hydrogen is reduced from 18 to 5 % despite the fact that no constraint is used for methane. However, the adjustment of fuel composition for the Jafri et al. data does not improve the prediction of minor gas components (not shown) compared to the unadjusted data (Fig. 5) . In fact, the hydrogen sulfide flow predictions deviates more after fuel composition adjustment due to the change in model temperature. The These results indicate clearly that the deviation in sulfur species and methane are real process deviations from equilibrium.
The much improved agreement between model and experimental data for the Jafri et al. data set after adjusting the fuel C content to match the experimental carbon balance does not prove that fuel analysis error is the sole source of error. It is, however, a strong indication that fuel analysis is a main contributor and once again emphasizes the large influence of fuel analysis on the TEC.
In order to investigate the influence of the non-equilibrium methane behavior on the rest of the components, the same selected data set was used for TECs with methane flows constrained to equal experimental data. The predicted temperature does not change greatly (not shown) and the agreement between model and experimental data for syngas components is improved marginally as shown in Fig. 8 . The overall consistency between model and experimental data indicates that TECs can be used to both understand and predict the behavior of EF gasification of spent pulping liquors. The difference between model predictions and experimental data for the major syngas species, as shown in Fig. 8a , is 3 % relative on average with a maximum individual value of 7 %. However, the sulfur gas-smelt distribution still deviates substantially from equilibrium, cf. Fig. 8b .
Influence of process conditions on process performance
This section investigates the effect on gasifier performance of selected parameters important in the design of a commercial BL or STL gasification-based biorefinery: reactor heat loss, feedstock pre-heat temperature, feedstock DS content, and process pressure. Base case values used are 0.7 % heat loss, 150°C feedstock pre-heat, 75 % DS, and 30 bar, which are similar to the data from the pilot-scale experiments discussed in Section 3.3 with the exception of heat loss, as discussed below.
Theoretically, the optimum point for operating a gasifier is when exactly enough oxidant is added to avoid formation of elemental carbon and achieve complete gasification [29] . For the gasification process treated in this work, a practical lower temperature limit is around 1000°C, mainly determined by the fact that very high carbon conversion is required to ensure that pulping chemicals can be recovered [6, 8] . It has been shown that an optimal temperature with respect to CGE is in the range in which the pilot-scale gasifier is normally operated [10] . Based on data from the previous section, a temperature of 1050°C is assumed and the required amount of oxygen to reach this temperature is calculated through the gasifier energy balance for the various cases simulated. Thus, the cases with lower heat loss and higher DS content will require a lower oxygen addition to give the required temperature. Moreover, gasification at 1050°C is assumed to give a methane concentration of 1 vol.% in syngas for BL [6] and 0.2 vol.% for STL [12] . Predictions of fraction of sulfur in the gas cannot be interpreted quantitatively due to the deviations discussed above, but it has been shown that changes in the process lead to changes in the same direction as dictated by equilibrium [7, 8] , so trends in model predictions are still useful.
For STL cases, the fuel composition in Table 2 was used. Due to the disagreement between simulations and experimental results for the BL pilot-scale data from Jafri et al. and Wiinikka et al., those BL compositions were not used in this section. Instead, typical BL compositions according to Table 3 were used. The difference between the two BL compositions in Table 3 is electrostatic precipitator (ESP) recycling. Due to fly ash formation in a black liquor RB, a recirculation of ESP ash, up to 10 % of the BL DS flow [30] , is normally practiced in Kraft pulp mills. This gives the BL fed to the RB a higher ash content than would otherwise be the case. Since there is no fly ash formation in the gasification process, the rightmost column in Table 3 is relevant for a case where the RB is replaced by a gasifier while the left column can be relevant for a case in which there is an RB and a gasifier in parallel operation. Potassium and chlorine enrichment in ESP ash was disregarded since they are not important for the gasification process. From a gasification point of view, the main effect of removing the ash recycle is that the heating value of the BL increases due to a lower inorganic fraction. Figure 9 shows results from TECs with varying heat loss in the interval 0-5 %, where 4.2 % represents the pilot plant cases and 0.5-1 % is a realistic interval for a commercial plant. The influence on CGE is 2-5 % units for different CGEs and different feedstocks. This shows that energy efficiency will be better in commercial scale. The influence on H 2 /CO and sulfur split is very limited (not shown), which indicates that pilotscale experiments can be relevant for predicting at least H 2 / CO. For the sulfur split, it is not known if the deviation from equilibrium, which is substantial, is dependent on scale. Successive simulations, discussed below, were done at 0.7 % heat loss, which is considered relevant for a commercial-scale plant.
Varying feedstock pre-heat (not shown) is analogous to changing the reactor heat loss from a TEC point of view; heat loss is a negative term in the gasifier energy balance while feedstock sensible heat is a positive term. The 100°C temperature interval investigated for feedstock pre-heat corresponds to a 1.9-2.7 % difference in sensible energy compared to the feedstock heating value (HHV), which is about half of the interval studied for heat loss. Consequently, the effect on CGE is about half of that in Fig. 9 .
The CGE for HHV in Fig. 9 (lines without symbols) show that practically 100 % of any heat that is added through either increased pre-heating or decreased heat loss is converted to chemical energy in the gas. This is a consequence of the energy balance of the gasifier since the smelt chemical and sensible energy is largely unaffected by the change due to the constant temperature used in these simulations. As noted above, less oxygen is required to reach 1050°C if heat losses are lower. Decreasing heat loss or increasing pre-heating can thus be viewed as converting thermal energy to chemical energy with 100 % efficiency. It should be noted that varying feedstock pre-heat can also have other effects on the Fig. 9 Influence of reactor heat loss on cold gas efficiency on HHV basis (lines) and H 2 + CO S-free LHV basis (diamonds) for the three feedstock compositions BL (solid), ash recycle adjusted BL (dashed), and STL (dotted) gasification, e.g., gas phase sulfur and methane formation [8] , but these effects cannot be predicted by TECs.
An industrially relevant interval for BL DS content is 65-85 %, with 65 % representing old pulp mills or mills with liquors that are particularly difficult to concentrate and 85 % representing a future scenario. Modern mills typically reach 80 % DS [30] . It is evident from Fig. 10 that feedstock DS content has a strong influence on the process, which is not surprising given that a 65 % DS liquor contains three times more water per kilogram of solids than an 85 % liquor. Due to the high process temperature, the penalty for added thermal ballast is significant.
The only major effect of pressure in the interval 5-60 bar is on the sulfur distribution. For BL, the sulfur split increases from 20 to 60 % when increasing the pressure from 5 to 60 bar, as shown in Fig. 11 . The influence on HHV CGE seen in Fig. 11a is simply an effect of this sulfur shift since syngas HHV includes contribution from S species, as evidenced by the lack of effect on CGE on S-free LHV basis. Wiinikka et al. [10] showed that equilibrium methane concentrations increase with pressure. Our results show the same behavior, but the effect is relatively small and, as discussed above, thermodynamic equilibrium methane predictions are far from experimental values.
In general, the results in Figs. 9, 10, and 11 clearly show the effect of inorganic ballast; the STL feedstock with approximately half the inorganic content of BL has a significantly higher CGE in all cases. There is also a substantial effect from the recycled ash, as shown by the different CGE values for the typical BL and the ash recycle adjusted BL, which has approximately 10 % lower sodium content. In addition, the fraction of sulfur that ends up in the gas phase is much higher for the STL case. This is explained by the proportions between sulfur and sodium/potassium in the different feedstocks. For STL, the molar S/(Na + K) 2 ratio is 1.6 which means that even if all sodium formed sodium sulfide, 40 % of the sulfur would go into the gas phase. In practice, more sulfur ends up in syngas due to the equilibrium between sodium sulfide and sodium carbonate.
Oxygen is a significant cost for operating a gasifier of this type [5] . Simulation results show a large effect on oxygen consumption from some of the parameters studied, e.g., a reduction of 33 % when increasing DS from 65 to 85 % for the ash-corrected BL. Generally, any change that improves CGE also decreases specific oxygen consumption. This is simply a consequence of the fact that added oxygen is used to oxidize feedstock to obtain the required heat for the process.
Conclusions
The high temperature and the catalytic activity of feedstock alkali makes thermodynamic equilibrium a better predictor of product composition in EFG of spent pulping liquors than for many other types of biomass and gasification technologies. TECs can predict the flows of the main syngas and slag products with high accuracy as shown by comparison with experimental data with small measurement errors. Small changes in feedstock composition have a relatively large influence on the thermodynamic equilibrium model predictions. This means that the model is sensitive to any errors in input data due to analytical uncertainty. However, since it was also concluded that the process follows thermodynamic equilibrium fairly well, this also means that the process itself is sensitive to naturally occurring variations in feedstock composition, e.g., due to seasonal changes, which can influence important operating parameters such as oxygen consumption and CGE. This is important knowledge for further research and process design.
The main process deviations from equilibrium are methane formation and sulfur distribution between gas and slag. Constraining methane to the experimental value improves prediction accuracy of other gas species. Investigating the possibility of implementing empirical modifications to the equilibrium model in order to predict methane and sulfur split are important areas for further research. The full carbon conversion predicted by the thermodynamic equilibrium model is not a major deviation from the real process, which is in contrast to modeling other biomass gasification technologies.
The gasification of BL and STL gives a different product distribution, due to the different feedstock compositions, but can be described with the same thermodynamic equilibrium model with the same main deviations from experimental data. This indicates that gasification of other fuels with similar properties, e.g., high alkali content, may also be possible to describe using the same model.
The simulations of a commercial-scale gasification process show that CGE on S-free LHV basis can reach over 80 %. There are large efficiency gains connected to reducing ballast, in the form of water or inorganics, as well as reducing heat losses. The on-going work with BL/pyrolysis oil blends is one possible way to decrease inorganic ballast while maintaining the high reactivity and carbon conversion.
